This study analyses the relationship between meteorological phenomena and outbreaks of waterborne-transmitted vero cytotoxin-producing Escherichia coli (VTEC) in the Republic of Ireland over an 8-year period (2005-2012). Data pertaining to the notification of waterborne VTEC outbreaks were extracted from the Computerised Infectious Disease Reporting system, which is administered through the national Health Protection Surveillance Centre as part of the Health Service Executive.
INTRODUCTION
Vero cytotoxin-producing Escherichia coli (VTEC) are major enteropathogens responsible for causing outbreaks of haemorrhagic colitis and haemolytic-uraemic syndrome (HUS). VTEC strains are named after their ability to produce verotoxins, whose role in the manifestation of bloody diarrhoea and HUS was first reported by Karmali et al. () . Although more than 150 serotypes of VTEC have been identified, most outbreaks are caused by the E. coli O157 serotype (Pennington ) , which has an infective dose in the range of 2-45 organisms (Tilden et al. ) . Clinical features of E. coli O157 gastroenteritis include diarrhoea involving five or more bowel motions per day, becoming bloody in 90% of cases, usually after 4 days (Tarr et al. ) . Approximately 10-15% of patients infected with E. coli O157 develop HUS 5-13 days after the onset of diarrhoea, with an estimated 65% of these occurring in children aged less than 5 years (Gould et al. ) . Control (ECDC). Since then, Ireland has had the highest crude incidence rates of VTEC in Europe; increasing from 3.9/100,000 in 2007 to 12.07/100,000 in 2012 (HPSC , ; ECDC ) with the exception of 2011, when Germany reported the highest rate due to a large VTEC O104 outbreak linked with fenugreek/sprouted seeds (ECDC ).
Transmission of VTEC infection
While direct contact with infected animals or contaminated food is often the transmission pathway for VTEC infection, waterborne transmission of VTEC is also an area of concern within the public health arena. Accredited to its persistence in the environment, VTEC has the potential to cause large outbreaks, particularly through water. For example, more than 2,300 cases of gastroenteritis were associated with an outbreak of E. coli O157:H7 and Campylobacter jejuni In Ireland, however, the impact of meteorology on waterborne VTEC outbreaks, if any, has not been quantified.
Therefore, assessing meteorological factors that may 'trigger' or enable a waterborne outbreak of VTEC is an important public health service. This study has used data from a variety of sources to create a database of waterborne outbreaks over an 8-year period (2005-2012) in the Republic of Ireland and has examined the relationship between cumulative rainfall, heavy rainfall in the previous 7 days of infection notification, the mean monthly temperature and outbreaks of waterborne infectious disease. The aim is to assess if specific meteorological parameters precede waterborne VTEC outbreaks.
METHODS

Data collection and collation
Data were collected from multiple sources and are summarised in Table 1 . Waterborne outbreaks are classified in the event that there is a strong epidemiological link or if there is bacteriological evidence implicating a source. As a result, there is high confidence that the outbreaks are associated with water. However, where the source of contamination is undetermined, the cause is stated as 'unknown'; as a result, it is possible that the number of waterborne-derived outbreaks is, in fact, underreported.
The date of onset of the primary outbreak case was utilised as the index case in this study so as to ensure confidence in the waterborne nature of the outbreak; subsequent cases could potentially be by person to person. To create a consistency between the three data types (rainfall, temperature and number of VTEC outbreaks), the data were categorised based on month (January to December) for the 8 years (2005-2012 inclusive) . Where the onset date was close to the start of a month, i.e., within 3 days of the first day of the month, the previous month's cumulative rainfall and mean temperature were used as the comparative total.
Total monthly cumulative rainfall was utilised over weekly cumulative rainfall in order to reduce collinearity between rainfall and heavy rainfall events. In terms of heavy rainfall events, the previous 7 days prior to onset of symptoms was analysed. This allows for the incubation period of VTEC infection which is typically between 2 and 4 days (Slutsker Office's weather warning categories, whereby a 'category orange' alert is issued when rainfall exceeds the aforementioned limit.
Data analysis
Multivariate analysis
Prior to regression modelling, precursory analysis was undertaken to identify relationships between the independent variables (cumulative monthly rainfall, heavy rainfall in the previous 7 days and mean monthly temperature) and the dichotomous dependent variable (month without outbreak (0), month with outbreak (1)). Continuous variables were tested for normality using the Shapiro-Wilk test of normality. Standard Pearson's chi-square tests of independence were used in comparing proportions within groups of the study. Mann-Whitney U tests were used to investigate significant mean differences between continuous and dichotomous variables. All statistical analyses were 
Logistic regression
Binary logistic regression (LR) was utilised as the statistical analysis in this study as the dependent variable (waterborne VTEC outbreaks) is dichotomous in nature, i.e., the presence or absence of an outbreak. LR has been used in the health sciences since the late 1960s to predict a binary response from explanatory variables (Lemeshow et al. ) . The goal of LR is to find the best fitting model to describe the relationship between the dichotomous characteristic of interest and a set of independent, predictor or explanatory variables, which in this study are cumulative monthly rainfall, heavy rainfall and mean monthly temperature. LR differs from classical linear regression in that the modelled response is the probability of being in a category, rather than the observed quantity of a response variable.
The LR model has the following form:
where P is the probability that an outbreak is detected, b 0 is a scalar intercept parameter, X is a vector of n explanatory variable values, and b is vector of slope coefficient values 
RESULTS
For the 8 years (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) analysed in this study, a total of 32 cases of waterborne-associated VTEC outbreaks were notified in the Republic of Ireland, which were allocated to 25 months over a 96-month period (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) . These 32 outbreaks represent a total of 137 confirmed cases as represented in Table 2 .
To assess the relationship between meteorological parameters and waterborne VTEC outbreaks prior to LR modelling, the data were analysed for distribution and subsequently multivariate analyses were employed. The results of the Shapiro-Wilk analysis confirmed that the data were not normally distributed and thus non-parametric analyses were utilised. Two methods of association were applied:
Pearson's chi-square test of independence and Mann-Whitney U analysis. Chi-square was utilised where associations were analysed between the dependent variable (waterborne outbreaks, yes (1), no (0)) and the categorical independent variable (heavy rainfall in the preceding 7 days, yes (1), no (0)). Where the independent variable was continuous (cumulative rainfall and temperature), Mann-Whitney U analysis was performed, which assesses differences in means based on a categorical dependent variable. The results of the multivariate analysis are presented in Table 3 . Significant (p < 0.05), positive associations were Consequently, using all three independent variables, LR analysis was performed, the results of which are shown in In summary, there is mounting evidence that meteorological parameters contribute to the risk of waterborne VTEC outbreaks in Ireland. The results offer useful insight into the links between waterborne disease and meteorology, a particular area of interest as waterborne diseases are predicted to increase in relation to future climate change scenarios (Rose et al. ) . The information gathered can be used to inform public health professionals on the causes and factors contributing to outbreaks, to target prevention strategies and to monitor and direct the effectiveness of prevention programmes into the future.
DISCUSSION
CONCLUSION
Waterborne outbreaks of VTEC are a worrisome transmission route of the pathogenic organism. The objective of this paper was to assess the relationship between rainfall events (cumulative and heavy), temperature and the incidence of waterborne outbreaks. The study has found that rainfall, particularly heavy rainfall in the preceding 7 days of an outbreak, is a strong statistical indictor of an outbreak event and that rising temperature also plays a role in VTEC outbreaks. Utilising the information within this paper, we aim to inform public health professionals on the role of meteorology in the epidemiology of infectious disease.
